Introduction
Applications of superheated steam (SHS) for food processing are currently being studied because of its various advantages. The advantages of SHS heating include the efficient heat transfer by latent heat and gas radiation, as well as the inhibition of nutrient oxidation in food. SHS has been applied for cooking [1] [2] [3] [4] , drying [5] [6] , pasteurization [7] and extraction [8] . Dr ying capacity is one of the advantages of SHS; however, difficulties can arise when applying this technology to the cooking and blanching of fruits and vegetables. As the drying rate of the food product depends on heat flow (e.g. convection and radiation heat transfers from SHS) into the product [9] , it is usually difficult to simultaneously achieve optimum product moisture content, heating time and temperature. It is expected that the development of technology that can control the moisture content of food during SHS heating will result in increased SHS application flexibility in food processing.
To prevent the drying of food during SHS heating, the authors have developed an oven system using a combination of SHS and a spray of hot water micro droplets (WMD). In the SHS WMD system, pressurized boiling water and steam (120 to 140 ) are sprayed under atmospheric pressure through a nozzle onto the food. The saturated steam is throttled at the nozzle throat and become SHS at approximately 115 . The hot water is atomized with the steam jet and is suspended in SHS. In a previous study, the SHS WMD system was applied to the blanching of potato [10] . It was found that the modified and improved SHS system enhanced the quality of blanched potato. WMD prevented potato weight loss, as compared to a 3% loss of weight when heated with ordinary SHS at the same temperature.
It is expected that the SHS WMD system will be applied to the cooking and blanching of other kinds of fruits and vegetables, as well as other heating processes.
However, it is reasonable to suppose that optimal moisture content differs for each food material and for each heating purpose. The moisture content of food material can be regulated by changing the ratio of SHS and WMD discharging from the nozzle. Knowledge A heating system using superheated steam (SHS) in combination with a spray of hot water micro droplets (WMD) has been developed to prevent drying of food material during SHS heating. In the SHS WMD system, a mixture of SHS (115 ) and WMD is generated by throttling boiling water and steam (120 to 140 ) with a nozzle. If the moisture content of food material can be controlled through regulation of the SHS/WMD ratio, the combination system is expected to provide flexible application of SHS for food processing. In this study, methods for measuring and regulating the ratio of SHS and WMD in the nozzle jet were investigated. It was found that the SHS/WMD ratio could be easily determined from the difference between the water uptake rate of the system and the theoretical steam flow rate through the nozzle (derived from the internal pressure of the nozzle). The WMD ratio increased as the nozzle internal pressure increased; by decreasing the nozzle throat diameter or by increasing the water uptake rate. SHS WMD was generated when the nozzle internal pressure was greater than 0.188 MPa and the steam velocity at the nozzle throat was sonic, regardless of the nozzle throat diameter. Key words: Choking flow, Convergent nozzle, Steam jet oven, Vapor-liquid two-phase flow 164 manipulate the system s steam/water ratio, as well as the development of a ratio measurement method, are necessary for the multi-purpose application of the SHS WMD system. However, measurement of the steam/water ratio in this system is problematic since the SHS and WMD are discharging from the same nozzle. Measuring the ratio with a throttling calorimeter and a steam table is also difficult because the mixture of steam and water is unsteady at the outlet of the nozzle. In addition, the amount of water is supposed to be in excess for throttling calorimeter under the operating condition of this system.
The main objective of this study was to propose simple and practical methods for measuring the ratio of steam and water discharging from the SHS WMD system nozzle. In this study two methods were proposed and examined, a method using the thermodynamics of gas flow through the nozzle and a method using heat balance analysis. Results obtained using these methods were compared to verify the methods. Advantages and disadvantages of these methods were discussed. Another objective of this study was to establish a method for regulating the steam/water ratio in the nozzle jet. The steam/water ratio was measured while changing the operating conditions of the system, allowing further investigation into the relationship between operating conditions and the steam/water ratio. 
Materials and Methods

System
Description of the system
Methods proposal
The heat balance measurement is one of the theoretically simplest methods for determining the steam/water ratio in the nozzle jet flow in this system. In this method, If the method using gas flow measurement is valid, it is more advantageous than the heat balance measurement method, in terms of practical applicability, due to its small sensor cost. In this study, the ratio of steam and water discharging from the nozzle was determined using the two proposed methods, and the gas flow measurement method was verified by comparing the results Itaru SOTOME, Yukio OGASAWARA, Yoshitaka NADACHI, Makiko TAKENAKA, Hiroshi OKADOME, Seiichiro ISOBE 166 obtained by these methods. Details of the methods are described in the following sections.
Nozzle flow measurement
Fluid measurement
Flow rates of the water supplied to the system were determined by using an electric balance to measure the mass decrease in the water tank. The mass decreases were measured for 10 minutes at 10-second intervals; flow rate G m was subsequently calculated by regression analysis of mass changes in the water tank. The pressure (P 1 ) and temperature (T 1 ) inside the nozzle were measured for each experimental condition. The pressure and temperature were measured for 10 minutes at 100 ms intervals. The measurements were repeated five times.
Calculation of steam/water ratio
When only steam is blown from the convergent nozzle, 
Since w 1 is negligibly small, the steam flow velocity at the nozzle throat is written as
The heat drop h is expressed by
Since steam is adiabatically expanded by the nozzle, the relationship between pressure and specific volume P 1 v 1 P 2 v 2 Pv can be substituted for equation 3, which
The steam flow velocity is consequently calculated as 
The flow rate G of steam is given by
The flow rate equation is rewritten by substituting 1/ v and P 1 v 1 P 2 v 2 for equation 7:
As the internal pressure of nozzle P 1 increases, and increase, in other words, the steam velocity w and steam flow rate G increase. However, the flow function reaches maximal when / (P 2 /P 1 ) 0. In this case, the relationship between P 1 and P 2 is derived from equation 9
as follows. 
In contrast, P 2 is constant and equal to atmospheric pressure when P 1 is lower than 0.188 MPa and the steam velocity at the nozzle throat is subsonic. In this study, the critical pressure P c was used as the pressure at the noz- In this study, the difference G m -G determined the water flow rate through the nozzle. Thus, the steam ratio x in the flow was defined as
Values of the gas constant and the specific heat ratio of steam used for calculating x are presented in Table 1 .
Measurement and calculation of nozzle coefficient
The nozzle coefficient Cd was measured using dry air flow. First, the nozzles used in this study were connected where G is the ideal airflow rate, obtained by substituting
The nozzle coefficient is a function of Reynolds number Re, and Cd is expressed by the following empirical formula called nozzle function [14] :
In this study, the nozzle coefficient Cd was measured by 
where R is the specific gas constant of air and is viscosity of air. The air pressure at the throat of the nozzle P 2 was the atmospheric pressure or the critical pressure, obtained by the same method as described in the previous section. The temperature of air T 2 was calculated by the following equation of adiabatic change: b The specific heat ratio and the viscosity were assumed constant since their dependency on temperature and pressure was negligible within the range used in this study.
Itaru SOTOME, Yukio OGASAWARA, Yoshitaka NADACHI, Makiko TAKENAKA, Hiroshi OKADOME, Seiichiro ISOBE 168 where is the specific heat ratio of air. The values of the gas constant, viscosity and specific heat ratio of air are given in Table 1 . 
In order to obtain
Calculation of steam/water ratio
Because all of the heat difference of produced heat and released heat E-Q was used to increase the enthalpy of the supplied water to the panel heater, the specific enthalpy of the water and steam inside nozzle h 1 was described as
where h 0 is the specific enthalpy of the supplied water at the inlet of the panel heater, calculated from the pressure P 0 and temperature T 0 by using IAPWS-IF97. The steam ratio x in the flow was calculated from
where h 1s and h 1w are the specific enthalpy of steam and saturated water, respectively, at pressure P 1 . When the measured temperature T 1 was the saturated temperature at the pressure P 1 , h 1s was the specific enthalpy of the saturated steam, calculated from the pressure P 1 by IAPWS-IF97. When the temperature T 1 was higher than the saturated temperature, h 1s was the specific enthalpy of the superheated steam, calculated from the pressure P 1 and temperature T 1 by IAPWS-IF97.
Operating conditions of the system
In this study, the temperature of the SHS phase was controlled at 115 since, in this system, water droplets generated around this temperature were most stable. In Table 2 . Figure 5 presents the flow rates of the water and steam measured in the experiments, and the steam flow rates The values for and represent estimates standard errors of the estimates predicted by the Newton method. calculated from the temperature and pressure inside the nozzle. When the flow rate was small and the internal pressure of the nozzle was low, the measured flow rate agreed with the calculated flow rate. This result indicated that, under these conditions, only steam flowed from the nozzle and WMD was not generated in the system. In contrast, the measured flow rate exceeded the calculated flow rate when the internal pressure was high, and the difference between the flow rates increased as the internal pressure of the nozzle increased. The difference between measured and calculated flow rates represented the amount of water that was sprayed from the nozzle, since the amount of gas phase in the fluid was given as the calculated flow rate.
Electricity consumption and heat
release from the panel heater Figure 6 plots the electricity consumption of the panel heater and the released heat from the panel heater. A linear relationship was found between electricity consumption and water supply rate, with nozzle throat diameter having no observed effect on electricity consumption.
Heat released from the panel heater was almost constant when the flow rate was low, however when the water supply rate was higher than a certain value, the heat release increased as flow rate increased. however, this resulted in overheating of the heating chamber. Since the output power of the panel heater was controlled to maintain the temperature inside the heating chamber at the set value, it was thought that some supplied water was sprayed as liquid phase when the internal pressure of the nozzle was high.
Comparison of the steam/water ratio
Heat balance and the water flow rate
The solid line in In this system, the difference between electricity consumption and released heat indicated the energy used to heat the supplied water inside the panel heater. Hence, the supplied water had completely evaporated before it reached the nozzle, while the released heat from the panel heater was constant. In contrast, it was thought that a part of the supplied water had not evaporated inside the panel heater when the water supply rate was high, since the released heat increased as the flow rate increased. The increment of the released heat was presumably used to maintain steam temperature, which was decreased by the evaporation of water droplets sprayed from the nozzle. Figure 8 plots the changes in steam ratio in the nozzle jet by the nozzle internal pressure and the nozzle throat diameter. Fig. 8 indicates that the steam/water ratio could be regulated by controlling the nozzle internal pressure. When the nozzle internal pressure was higher than 0.188 MPa, only the pressure should be controlled for the steam/water ratio regulation since the steam and water inside the nozzle was always at saturation temperature in this condition. The nozzle internal pressure could be controlled through the water supply rate by the pump. Figure 5 and Figure 8 indicate that the steam/water ratio could be controlled also by changing nozzle throat diameter. When the nozzle internal pressure was lower than 0.188 MPa, the water ratio decreased to zero and only the steam discharged from the nozzle. Therefore, this system could be used also as an ordinary SHS heating system by setting the nozzle internal pressure lower than 0.188 MPa.
Regulation method for the steam/ water ratio
Conclusions
This study proposed and verified methods for measuring the ratio of steam and water discharging from the nozzle in a SHS WMD system. Although the method using gas flow measurement involved an uncertainty that the effect of water droplet presence on gas flow calculation was unknown, it was concluded that this method was reliable enough for the application of SHS WMD sys- Itaru SOTOME, Yukio OGASAWARA, Yoshitaka NADACHI, Makiko TAKENAKA, Hiroshi OKADOME, Seiichiro ISOBE 172 tem for actual food processing, as the steam/water ratio obtained by this method agreed well with the result obtained by the method using heat balance measurement. While the method using gas flow measurement requires only the water uptake rate of the system and the nozzle internal pressure and temperature for calculation of the steam/water ratio, regardless of the system size, the method using heat balance measurement requires many heat flux sensors. Therefore, the method using gas flow measurement is more advantageous when applying the SHS WMD system to various food processing purposes.
The water ratio in the nozzle jet increased as the nozzle internal pressure increased. It was found that the water ratio could be regulated by increasing the water uptake rate of the system or by decreasing the nozzle throat diameter. The mixture of SHS and WMD was generated when the nozzle internal pressure was more than 0.188 MPa and the steam velocity from the nozzle was sonic, regardless of the nozzle throat diameter. In contrast, only SHS was generated when the nozzle internal pressure was less than 0.188 MPa and the steam velocity was subsonic.
It is expected that the results obtained in this study will enable the quantitative regulation of the steam and water flow rate of the SHS WMD system, and that the results will accelerate the application of the SHS WMD system to food processing.
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